Leukemia is the most common childhood malignancy, accounting for 35 percent of childhood cancer cases diagnosed in Australia each year (Australian Institute of Health and Welfare, unpublished data). Despite extensive research, little is known about the etiology of childhood leukemia. Its early age of onset has focused attention on in-utero and perinatal factors. There is now growing evidence that some childhood leukemias, particularly those diagnosed after infancy, may be explained by a ''two-hit model'' (1, 2)-the first ''hit'' occurring in utero and often causing a chromosomal translocation and formation of a fusion gene. A number of studies have shown that specific translocations such as t (12;21) and t (8;21) are present at birth in children who later develop leukemia (3) (4) (5) . Any subsequent necessary ''hits'' are thought to occur postnatally, causing proliferation of the leukemic clone. Putative etiologic factors include exposure to environmental toxins and infections and aberrant host responses to them (1) .
Birth weight is one of the few perinatal factors reported to be related to risk of childhood leukemia. A 2003 metaanalysis by Hjalgrim et al. (6) included 18 studies of this association; they reported a pooled odds ratio of 1.26 (95 percent confidence interval (CI): 1.17, 1.37) for birth weight over 4,000 g. Most of the studies published since (7) (8) (9) (10) (11) (12) (13) have found a positive association. Some of the variation in reported findings may be due to differences in: 1) case definition (incident cases vs. deaths only); 2) type of leukemia examined (all leukemia vs. acute lymphoblastic leukemia (ALL) vs. acute myeloid leukemia (AML)); 3) categorization of birth weight (continuous variable vs. categorical variable); 4) definition of high birth weight (>3,500 g, >3,800 g, >4,000 g, or >4,500 g); 5) source of data on birth weight; 6) ages of the subjects at diagnosis; 7) nature of the comparison group used (e.g., population registers, hospital controls, random digit dialing); and 8) study design.
Despite such inconsistencies, most investigators have reported an increasing risk of ALL with increasing birth weight. However, few studies have taken account of gestational age in the analysis of birth weight. Since birth weight is a function of both intrauterine growth and length of gestation, it is not possible to differentiate between an association with high birth weight per se and an association with accelerated intrauterine growth, without accounting for gestational age. If there were an association with accelerated growth, the risk would extend to infants born at any gestation who had a higher-than-expected birth weight for their length of gestation, but who might not reach a particular definition of high birth weight. Such an association would suggest that factors such as exposure to high levels of growth hormone might be etiologically important. On the other hand, a different causal mechanism would be likely if the association were with high birth weight per se. For example, because birth weight is positively associated with bone marrow volume (14, 15) , heavier children may simply have more cells at risk of malignant transformation (16) . Either of these proposed mechanisms-or a combinationcould represent the first ''hit'' in the development of childhood ALL or could be involved in a subsequent ''hit'' by promoting proliferation of a leukemic clone. The relation between birth weight and AML has been even less well characterized. Clarifying the nature of these relations would assist in elucidating the causal pathways.
Our aims in this study were to use data from a populationbased data linkage system to characterize the relations of birth weight and intrauterine growth with risk of childhood leukemia and to consider these findings in relation to possible causal pathways.
MATERIALS AND METHODS
The Western Australian Data Linkage System was commissioned in 1995 and provides a rich resource of population-based health data. It comprises seven core data sets: inpatient hospital morbidity data, birth registrations, death registrations, the electoral roll, midwives' notifications, mental health services data, and cancer notifications (which are mandatory in Australia) (17) . In addition to these core data sets, linkages are also made with the Reproductive Technology Register and the Western Australian Birth Defects Registry (18) . The Western Australian Data Linkage System consists of chains of links wherein each link is associated with a record in one of the core data sets. All links in a particular chain have been associated with the same individual through the process of probabilistic record linkage (19) . This method of linkage relies on the availability of similar demographic information (e.g., name, sex, date of birth, address) in each data source, since Australia does not have a unique health care identification number to assist with matching.
In this study, the Western Australian Data Linkage System was used to obtain all midwives' notifications and birth registrations in Western Australia for 1980-2004. The data were organized into mother-child pairs with a unique encrypted identifier for each individual. Cancer registrations for children diagnosed in 1980-2005 while they were aged 0-14 years were identified and linked to the midwives' notifications to determine the case/noncase status of each birth. Linkage to hospital inpatient records was used to identify hospitalizations associated with maternal medical conditions in the 12 months leading up to the index birth, and linkage to the Birth Defects Registry was used to identify all children with a birth defect. The final linked data file was deidentified to protect patient confidentiality and was current as of May 2006.
The primary study outcome was a diagnosis of ALL or AML before the 15th birthday. Our key explanatory variables were birth weight, birth length, gestational age, sex, plurality, birth order (first, second, and third or subsequent), maternal and paternal ages, maternal height, maternal ethnicity (Caucasian, Aboriginal/Torres Strait Islander, Asian, Indian, African, Polynesian, Maori, or other), various pregnancy complications, and preexisting maternal medical conditions.
Our primary explanatory variable was ''proportion of optimal birth weight,'' the calculation of which is described in detail elsewhere (20) . Briefly, it is an estimate of the appropriateness of intrauterine growth and is the ratio of observed birth weight to the ''optimal birth weight.'' Optimal birth weight is calculated from a regression equation including terms for duration of gestation, maternal height, parity, and infant sex, derived from a total population of singleton births without any recorded risk factors for intrauterine growth restriction, including maternal smoking. ''Proportion of optimal birth length'' is a comparable measure of the appropriateness of longitudinal growth, and it primarily reflects skeletal growth. ''Proportion of optimal weight for length,'' similarly derived, is a measure of the appropriateness of total weight (including adipose tissue) for length. In order to assess the importance of each component in the risk of ALL, we considered each measure in both univariate and multivariate analyses.
Data cleaning and validation procedures were undertaken to minimize the presence of missing or incorrect information for the key variables (i.e., maternal height, birth weight, maternal date of birth, and gestational age). For example, data on several variables related to duration of gestation are available in the Midwives' Notification System, and the best estimate is obtained using an algorithm described by Blair et al. (21) . The variables included in the algorithm are: date of the last menstrual period, certainty regarding the date of the last menstrual period, estimated gestational age, expected due date, and baby's date of birth. Using this algorithm, gestational age could be estimated for all but 4,373 (0.8 percent) records, including three cases with ALL and one with AML.
Cases were followed up from birth to diagnosis, and noncases were followed up from birth to either the child's 15th birthday, the child's date of death, or December 31, 2005, whichever came first.
The full cohort consisted of 613,613 birth registrations from 1980-2004. Of these registrations, 3,526 stillbirths and 2,660 neonatal deaths were excluded (figure 1). The regression equation for optimal birth weight was derived from data relating to births occurring at 24 weeks' gestation, so births occurring at less than 24 weeks' gestation were excluded, as were births with birth weights of less than 400 g. These exclusions applied to 297 observations. Births with a proportion of optimal birth weight value outside the range of 50-200 percent (n ¼ 427) were also excluded, since such values are extremely improbable in long-term neonatal survivors. None of these exclusion criteria involved any cases of ALL or AML. Lastly, 30,110 children with birth defects, including Down's syndrome, were excluded from the analyses. This was done because of the potential for confounding of the relation between ALL risk and proportion of optimal birth weight, since having a birth defect is known to be related to both birth weight and risk of ALL. Twentyfour ALL cases and five AML cases were excluded because they had birth defects.
The final data set comprised 576,314 noncases, including siblings of cases (n ¼ 1,418) and children with a diagnosis of cancer other than leukemia (n ¼ 551). These subjects were included in the noncase group, since they were part of the population at risk of developing leukemia. There were 243 cases with a diagnosis of ALL and 36 cases with a diagnosis of AML in the final data set.
Statistical analysis
Cox proportional hazards regression models were initially fitted in STATA, version 9.0 (22), using the fractional polynomial procedure to determine the appropriate form of each continuous variable to include in the models. Maternal ethnicity was collapsed into Caucasian versus ''other'' because of the small number of non-Caucasian cases.
The PHREG procedure in SAS, version 9.1 (23), was used for subsequent Cox regression analyses to determine the association between the explanatory variables and the risks of ALL and AML. Because much of the etiology and natural history of ALL is thought to depend on age, we calculated hazard ratios separately for the two age groups 0-4 years and 5-14 years. Differences in the effects of explanatory variables on ALL in the two age groups were formally tested using terms for interaction between these variables and a binary time-dependent covariate with a value of 0 for all subjects, switching to a value of 1 at their fifth birthday.
Z scores for birth weight, proportion of optimal birth weight, proportion of optimal birth length, and proportion of optimal weight for length were calculated and included in the Cox analyses so that the estimated change in the risk of ALL was assessed per standard deviation, allowing the regression estimates to be compared directly. The population means and standard deviations used to calculate the z score for each variable were those shown for the noncase group in table 1.
For multivariable analyses, the change in the likelihood ratio chi-squared value-based on a difference of at least 3.84 with 1 degree of freedom-was used to assess significant improvement in the fit of the model compared with the model for proportion of optimal birth weight alone.
RESULTS
There were similar proportions of males and females in the noncase and AML groups but a higher proportion of males in the ALL group (table 1) . Mean birth weight, birth length, proportion of optimal birth weight, proportion of optimal birth length, and proportion of optimal weight for length were all higher in the ALL group than in the noncase group, while no such differences were observed between the AML group and the noncase group. The differences in the mean values for gestational age, maternal and paternal ages at birth, and maternal height at birth among the three groups were small. There were lower proportions of ALL (47.7 percent) and AML (44.4 percent) cases who were firstborn compared with the noncase group (51.3 percent). Most mothers of children with ALL were Caucasian (92.6 percent), with smaller proportions in the AML (80.6 percent) and noncase (87.2 percent) groups.
The results of the fractional polynomial analyses showed that all of the continuous variables, including proportion of optimal birth weight, should be modeled in their linear form. The results of univariate analyses are shown in table 2. The small number of AML cases limited our ability to identify associations with potential risk factors with confidence. However, some of the hazard ratios were elevated and consistent with an association-for example, those for non-Caucasian ethnicity of the mother, threatened abortion, placenta previa, other antepartum hemorrhage, hyperemesis, and gestational diabetes (table 2) . No multivariable analyses were undertaken for this group.
The risk of ALL was positively associated with the z scores for birth weight, proportion of optimal birth weight, proportion of optimal birth length, and proportion of optimal weight for length. The results for the latter three variables were consistent with a slightly stronger association in children aged 0-4 years than in children aged 5-14 years (table 2) . Restricting the analysis to children diagnosed before age 2 years produced a result similar to that for children aged 0-4 years (data not shown). In the older age group, the risk of ALL increased with increasing birth order, and in both age groups, risk was higher among children of Caucasian mothers. The risk of ALL appeared to be higher among children whose mothers had a threatened preterm labor prior to 37 weeks' gestation, preexisting hypertension, or genital herpes during pregnancy, but these associations were each based on a small number of cases.
The addition of variables that appeared to be associated with ALL risk-including sex, maternal hypertension, maternal ethnicity, and threatened preterm labor (table 2)-to the model containing proportion of optimal birth weight alone did not materially alter the hazard ratios for either proportion of optimal birth weight or the selected covariate (data not shown). Including proportion of optimal birth weight and proportion of optimal birth length together in the Cox model reduced the hazard ratios for both measures, from 1.21 to 1.14 and from 1.19 to 1.11, respectively. Conversely, simultaneous inclusion of proportion of optimal birth weight and proportion of optimal weight for length in the model increased the hazard ratio for proportion of optimal birth weight to 1.44 and reduced the hazard ratio for proportion of optimal weight for length from 1.17 to 0.83. When proportion of optimal birth length and proportion of optimal weight for length were modeled together, the hazard ratios for these measures were reduced to 1.15 and 1.13, respectively.
In an attempt to distinguish whether high birth weight or accelerated growth was more closely associated with risk of ALL, we restricted the analysis of proportion of optimal birth weight, in turn, to children with birth weights below the most commonly used definitions of high birth weight: >3,500 g, >3,800 g, and >4,000 g. In the age group 0-4 years, the association between proportion of optimal birth weight and risk of ALL was present among children below each of these cutoffs, with hazard ratios of 1.43 (95 percent CI: 1.09, 1.88), 1.40 (95 percent CI: 1.12, 1.74), and 1.38 (95 percent CI: 1.13, 1.68), respectively. The numbers of ALL cases below each cutoff were 72, 110, and 127, respectively. No such associations were observed in the age group 5-14 years (data not shown). When the analyses were restricted to children with gestational age less than 38 weeks, the association with risk of ALL remained in the age group 0-4 years (ages 0-4 years: hazard ratio ¼ 1.32, 95 percent CI: 0.94, 1.85; ages 5-14 years: hazard ratio ¼ 1.04, 95 percent CI: 0.64, 1.68).
DISCUSSION
Proportion of optimal birth weight is a measure of the appropriateness of fetal growth, while birth weight indicates final fetal weight. Therefore, proportion of optimal birth weight is a more appropriate measure to use when assessing the relation between intrauterine growth and risk of ALL. It is independent of gestational age and takes account of the major nonpathologic determinants of intrauterine growth: fetal sex and maternal height and parity. Our analysis of complete population data from the Western Australian Data Linkage System identified a moderately strong positive association between proportion of optimal birth weight and risk of childhood ALL. Importantly, this association was also present among children who would not meet most definitions of high birth weight, suggesting that it is accelerated growth, rather than high birth weight per se, that is involved in the causal pathway for ALL. Among children aged less than 5 years with birth weights below the usual definitions of high birth weight->3,500 g, >3,800 g, and >4,000 g-a 1-standard-deviation increase in proportion of optimal birth weight was associated with an approximately 40 percent increase in risk of ALL. Proportion of optimal birth weight can be considered to have two components: length and weight for length. Proportion of optimal birth length and proportion of optimal weight for length had independent associations with risk of ALL in our study, suggesting that any effect of proportion of optimal birth weight is related to both increased skeletal growth and adiposity. Fetal growth in healthy pregnancies is determined by a complex interplay of genetic, nutritional, and hormonal factors (24) . The latter include insulin-like growth factor I (IGF-I), which has been shown to be positively associated with birth weight, placental weight, and ponderal index (25) . Many studies, including those included in a 2006 review (26) , have observed high circulating levels of IGF-I in infants with high birth weight. Ross et al. (27) also reported 30 percent higher levels of IGF-I in large-forgestational-age babies and 40 percent lower levels in smallfor-gestational-age babies, while in the recent review (26) , all 16 studies of birth weight and IGF-I in umbilical cord blood or serum found positive correlations. Similar correlations were also reported in all seven studies of birth length and cord blood/serum IGF-I (26) and in another study not included in the review (28). Javaid et al. (25) reported positive associations between IGF-I and infant weight, fat mass, lean mass, and bone mass at birth.
IGF-I also plays a role in normal hematopoiesis (29) (30) (31) . High levels of this factor may increase proliferative stress on the progenitor or preleukemic cells in bone marrow (16, 27) , thus increasing the number of cell divisions and, in turn, the risk of leukemia. There is other evidence supporting a role for IGF-I in the pathogenesis of leukemia: IGF-I receptors are present on leukemic lymphoblasts; IGF-I stimulates growth of leukemic cells in vitro (30) ; IGF-I has been shown to protect hematopoietic cells from apoptosis (32) ; and the administration of growth hormone, the effect of which is mediated through the IGF-I system (33), has been reported to increase risk of childhood acute leukemia (34) .
Our results suggest that accelerated fetal growth may be a risk factor for childhood ALL, a tenet supported by evidence that both are related to increased levels of IGF-I. Support is also provided by a recent study in which McLaughlin et al. (13) reported an increased risk of ALL among children with birth weights greater than 3,500 g, but only if the mothers weighed less than 80 kg-that is, when fetal growth was greater than expected (assuming that these mothers were reasonably tall, since 80 kg is still heavy for an average-height woman).
Our results are suggestive of a stronger association between proportion of optimal birth weight and risk of ALL among children under 5 years of age. Similar findings (for birth weight) have been reported previously (12, (35) (36) (37) (38) . This would be consistent with prenatal risk factors' being particularly important for early-rather than later-onset of ALL.
Our findings in relation to risk of ALL and Caucasian ethnicity, maternal age, and infant sex are consistent with previous reports. We observed a lower risk of ALL among firstborn children diagnosed at age 5 years or older. Previous studies of birth order have produced conflicting results, which were summarized in a review by McNally and Eden (39) . Studies published since that review have observed no association (11) (12) (13) . The reasons for the conflicting results are unclear and require further investigation.
This study had both strengths and limitations. Examination of the risk of ALL associated with proportion of optimal birth weight-rather than birth weight per se-represents an advance over previous studies, particularly those that did not adjust for gestational age. Furthermore, proportion of optimal birth weight z score was appropriately modeled as a continuous variable, obviating the need to assign an arbitrary cutoff for high birth weight.
Selection bias is unlikely to have affected our results. The study included the entire population of children born in Western Australia since 1980, although some outward migration-and thus loss to follow-up-will have occurred. Outward migration from Western Australia over the past 20 years has been low, at approximately 0.5 percent per annum (Australian Bureau of Statistics, unpublished data). Furthermore, there is no evidence to indicate that outward migration of children is related to proportion of optimal birth weight, a diagnosis of childhood ALL, or both.
Recall bias is not a threat to validity, since information on risk factors was collected prior to diagnosis. In addition, our ability to validate some of the key variables of interest (e.g., maternal height) within mothers and across data sets increased our confidence in data accuracy.
The use of administrative health data-often collected for purposes other than research-generally involves some level of compromise in terms of the variables available for inclusion in the analysis. For example, we did not have data on maternal weight and were therefore not able to examine maternal body mass index as an independent risk factor for ALL. Even if data on maternal weight had been available, it would not have been appropriate to include maternal prepregnancy weight or pregnancy weight gain in the calculation of proportion of optimal birth weight, because maternal weight gain partially measures fetal weight, rather than being a nonpathologic determinant of fetal growth (20) .
Similarly, we would like to have included maternal smoking status during pregnancy in the analysis (because of its relation with fetal growth), but information on this variable was only available for births occurring from 1997 onwards. However, we do not believe this to have been a major flaw in our study, since no consistent association between maternal smoking and leukemia risk has been observed (40, 41) .
Because of the relatively small population of Western Australia, we did not have enough ALL cases to assess the relation between proportion of optimal birth weight and genetic or phenotypic subtype. Similarly, although some hazard ratios for AML were elevated in our studyconsistent with associations-there were insufficient numbers of cases to explore these risk factors fully.
To our knowledge, this is the first population-based study to have examined the relation between rate of fetal growth and risk of childhood ALL. Our positive findings are consistent with a biologically plausible mechanism of accelerated growth associated with higher levels of circulating IGF-I in the developing fetus. The use of proportion of optimal birth weight rather than birth weight in future studies is recommended, as it is more likely to shed light on possible causal pathways.
